Studies on the Formation, Stability, Reactivity and Superconductivity of Pentagon-fused Fullerenes by 陈睿婷
学校编码：10384                        分类号_______密级 ______ 








Studies on the Formation, Stability, Reactivity and 
Superconductivity of Pentagon-fused Fullerenes 
 
陈 睿 婷 
 
指导教师姓名： 郑兰荪 教授 
 谢素原 教授 
专 业 名 称： 无机化学 
论文提交日期： 2010 年 12 月 
论文答辩日期： 2011 年 1 月 
学位授予日期： 2011 年 6 月 
 
答辩委员会主席：           
评    阅    人：           
 



















Studies on the Formation, Stability, 




A Dissertation Submitted to the Graduate School in Partial Fulfillment of 








 Prof. Lan-Sun Zheng & Prof. Su-Yuan Xie  
 
 






















声明人（签名）：             





















  1、保密（ ），在  年解密后适用本授权书。 




作者签名：      日期：  年 月 日 


















中文 摘要 .................................................................................... i 
英文摘要 ................................................................................... iii 
第一章 绪论 .............................................................................. 1 
1.1 富勒烯的结构 ....................................................................................................2 
1.1.1 欧拉公式和独立五元环规则(IPR)...............................................................2 
1.1.2 IPR富勒烯 .....................................................................................................5 
1.1.3 Non-IPR富勒烯 .............................................................................................8 



































2.2 实验部分 ..........................................................................................................41 
2.2.1 13C标记同位素实验 ....................................................................................41 
2.2.2 温度场和 13C浓度场的模拟 .......................................................................42 
2.2.3 电弧温度的测量及模拟..............................................................................43 
2.3 结果和讨论 ......................................................................................................46 
2.3.1 13C标记同位素实验 ....................................................................................46 
2.3.2 产物的同位素分析及温度场与 13C浓度场的模拟 ..................................48 
2.3.3 富勒烯的形成机理.....................................................................................52 
2.4 结论 ..................................................................................................................56 
参考文献 .................................................................................................................57 
第三章 气相中捕获non-IPR C60异构体 .............................. 61 
3.1 引言 ..................................................................................................................61 
3.1.1 C60 异构体Stone-Wales转变 .......................................................................61 
3.1.2 C60 异构体及其氯化物的分子结构和稳定性............................................62 




3.3 结果与讨论 ......................................................................................................68 
3.3.1 固相中的non-IPR C60 异构体 ....................................................................68 
3.3.2 在气相中捕获non-IPR C60 异构体 ............................................................75 
3.4 结论 ...................................................................................................................81 
参考文献 .................................................................................................................82 
第四章 C60的氨基酸酯衍生物及其自组装 .......................... 85 




4.2 实验部分 ..........................................................................................................88 
4.2.1 试剂.............................................................................................................88 
4.2.2 仪器及条件..................................................................................................88 
















4.2.5 #1812C60 的氨基酸酯衍生物的合成与分离 .................................................92 
4.2.6 #1809C60 的氨基酸酯衍生物的合成 .............................................................93 
4.3 结果和讨论 ......................................................................................................94 
4.3.1 #1812C60R5Cl的表征......................................................................................94 
4.3.2 #1812C60R5Cl的自组装................................................................................102 
4.3.3 #1809C60 的氨基酸酯衍生物 .......................................................................107 
4.4 结论 ................................................................................................................ 112 
参考文献 ............................................................................................................... 113 
第五章 以氯化富勒烯为前驱体合成超导材料 .................. 116 
5.1 引言 ................................................................................................................. 116 
5.1.1 富勒烯超导体...........................................................................................116 
5.1.2 A3C60 的结构 .............................................................................................118 
5.1.3 富勒烯的电子结构....................................................................................119 
5.1.4 A3C60 的合成方法 .....................................................................................120 
5.1.5 富勒烯超导体的表征方法........................................................................120 
5.1.6 Non-IPR富勒烯的超导 .............................................................................121 




5.3 结果与讨论 ....................................................................................................124 
5.3.1 K3C60 的合成及条件优化 .........................................................................124 
5.3.2 以#1812C60Cl6 为前驱体合成钾掺杂富勒烯.............................................134 
5.3.3 以#1812C60Cl8 为前驱体合成钾掺杂富勒烯.............................................149 
5.3.4 以#1804C60Cl12 为前驱体合成钾掺杂富勒烯 ...........................................151 
5.3.5 本章中合成的钾掺杂富勒烯超导体.......................................................156 
5.4 结论 ................................................................................................................157 
参考文献 ...............................................................................................................158 
附 录 ...................................................................................... 162 














Table of Content 
IV 
Table of Content 
Abstract in Chinese ................................................................... i 
Abstract in English .................................................................. iii 
Chapter 1 Introduction ............................................................ 1 
1.1 Structures of Fullerene ......................................................................................2 
1.1.1 Euler’s Formula and Isolated Pentagon Rule(IPR)........................................2 
1.1.2 IPR Fullerenes................................................................................................5 
1.1.3 Non-IPR Fullerenes .......................................................................................8 
1.2 Modification of Fullerene ................................................................................12 
1.2.1 Reduction reaction .......................................................................................12 
1.2.2 Cycloaddition reaction .................................................................................12 
1.2.3 Nucleophilic Addition..................................................................................14 
1.2.4 Radical Addition ..........................................................................................15 
1.2.5 Chlorination .................................................................................................15 
1.3 Application of Fullerene ..................................................................................16 
1.3.1 Superconductivity ........................................................................................16 
1.3.2 Solar Cell .....................................................................................................17 
1.3.3 Biomedical Application ...............................................................................18 
1.4 The Working-out of the Subject .....................................................................19 
Reference ................................................................................................................21 
Chapter 2 13C-marked Footprints of Fullerenes Growth in 
the Arc-discharge of Graphite Trapped by Chlorine .......... 34 
2.1 Introduction......................................................................................................34 
2.1.1 Pentagon Road .............................................................................................34 
2.1.2 Fullerene Road .............................................................................................35 
2.1.3 Ring Coalescence and Annealing ................................................................35 
2.1.4 Shrinking Hot Giant Road ...........................................................................37 
2.1.5 Graphene Road.............................................................................................38 
2.1.6 Identification of Intermediates.....................................................................40 
2.2 Experimental Section.......................................................................................41 
2.2.1 13C-marked Experiment ...............................................................................41 
2.2.2 Simulation on 13C Concentration and Temperature Distributions in the 
Reactor ..................................................................................................................42 













Table of Content 
V 
2.3 Results and Discussion.....................................................................................46 
2.3.1 13C-marked Experiment................................................................................46 
2.3.2 The Mass Spectrum of Products and Modeling Results ..............................48 
2.3.3 Formation Mechanism of Fullerenes ...........................................................52 
2.4 Conclusion ........................................................................................................56 
Reference ................................................................................................................57 
Chapter 3 Captured non-IPR C60 Isomers in Gas Phase .... 61 
3.1 Introduction......................................................................................................61 
3.1.1 Stone-Wales Transformation of C60 Isomers...............................................61 
3.1.2 Molecular Sructures and Stabilities of C60 Isomers.....................................62 
3.2 Experimental Section.......................................................................................64 
3.2.1 Synthesis and Isolation ................................................................................64 
3.2.2 Instruments and Characterization ................................................................64 
3.2.3 Thermal Spray Experiments ........................................................................66 
3.3 Results and Discussion.....................................................................................68 
3.3.1 Isomeric C60 in Solid State...........................................................................68 
3.3.2 Isomeric C60 in Gas Phase............................................................................75 
3.4 Conclusion ........................................................................................................81 
Reference ................................................................................................................82 
Chapter 4 Self-Assembly of Amio Acid Ester Derivatives of 
C60............................................................................................. 85 
4.1 Introduction......................................................................................................85 
4.1.1 Nucleophilic Substitution of Chlorofullerenes ............................................85 
4.1.2 Amino Acid Derivatives of fullerenes .........................................................86 
4.1.3 Self-Assembly of Fullerene Derivatives......................................................87 
4.2 Experimental Section.......................................................................................88 
4.2.1 Reagents.......................................................................................................88 
4.2.2 Instruments and Characterization ................................................................88 
4.2.3 Synthesis and Purity of #1812C60Cl6 ..............................................................89 
4.2.4 Esterification of Amino Acid.......................................................................91 
4.2.5 Synthesis and Isolation of #1812C60 Amino Acid Ester Derivatives..............92 
4.2.6 Synthesis of #1809C60 Amino Acid Ester Derivatives ...................................93 
4.3 Results and Discussion.....................................................................................94 
4.3.1 Characterization of #1812C60R5Cl ..................................................................94 













Table of Content 
VI 
4.3.3 Amino Acid Ester Derivatives of #1809C60..................................................107 
4.4 Conclusion ...................................................................................................... 112 
Reference .............................................................................................................. 113 
Chapter 5 Preparation of Fullerene Superconducors with 
Chlorofullerenes as Precursor ............................................. 116 
5.1 Introduction.................................................................................................... 116 
5.1.1 Fullerene Superconductors.........................................................................116 
5.1.2 Structure of A3C60 ......................................................................................118 
5.1.3 Electronic Structure of Fullerenes .............................................................119 
5.1.4 Preparation of A3C60 ..................................................................................120 
5.1.5 Characterization of Fullerene Superconductors.........................................120 
5.1.6 Superconductivity of non-IPR Fullerenes..................................................121 
5.2 Experimental Section.....................................................................................121 
5.2.1 Equipment ..................................................................................................121 
5.2.2 Synthesis of Alkali Intercalated Fullerenes ...............................................123 
5.2.3 Characterization of Products......................................................................123 
5.3 Results and Discussion...................................................................................124 
5.3.1 Synthesis of K3C60 .....................................................................................124 
5.3.2 Preparation of Alkali Intercalated Fullerene with #1812C60Cl6....................134 
5.3.3 Preparation of Alkali Intercalated Fullerene with #1812C60Cl8....................149 
5.3.4 Preparation of Alkali Intercalated Fullerene with #1804C60Cl12 ..................156 
5.3.5 Alkali Intercalated Fullerene Superconductor ...........................................156 
5.4 Conclusion ......................................................................................................157 
Reference ..............................................................................................................158 
Appendix ............................................................................... 162 


























non-IPR 氯化富勒烯，使得实验研究 non-IPR 富勒烯成为可能。 
自富勒烯被发现以来，富勒烯的形成机理一直是个悬而未决的问题。本文
进行了一系列的 13C 标记实验来跟踪 CCl4 参与下的石墨电弧中的富勒烯形成过
程。从一系列的 13C 标记的实验数据结合理论计算的电弧温度场和 13C%浓度场
模拟，第一次确认了常规富勒烯和 non-IPR 富勒烯生成于同一个电弧区间。该区
间位于距离电弧中心约 2.4mm 的位置，温度约为 2360K。在石墨电弧放电生成
富勒烯的过程中，富勒烯遵循自下而上的生长方式。被捕获到的富勒烯碳笼结
构间的关系表明，C2 插入和 Stone-Wales 转变可能是富勒烯生长的末期的重要步
骤。 







































#1804C60 聚合物固体在钾掺杂后，样品 FC-ZFC 曲
线显示其很可能具有超导性质。 
关键词：non-IPR 富勒烯  C60 异构体  
















Despite of the huge number of fullerene isomers in topology, only a tiny fraction 
of them can survive in air. The most notable fullerenes are Ih-
#1812C60 and D5h-
#8149C70 
which obey the famous isolated pentagon rule (IPR). Numerous fullerene isomers 
violate IPR and thus render them chemically reactive. Outside the gas phase, they are 
hard to be synthesized in the form of pure all-carbon molecules. Therefore, researches 
on fullerenes have overwhelmingly predominated on Ih-
#1812C60 and D5h-
#8149C70. The 
recent availability of a series of non-IPR chlorofullerenes which have been 
synthesized through classical Krätschmer-Huffman synthesis by introducing CCl4 as 
the chlorine source provides the possibility of experimental investigation on non-IPR 
fullerenes species. 
Mechanism of fullerene formation has been argued for many years. We herein 
proposed a 13C-marked method to trace fullerene growth in Krätschmer-Huffman 
process. Revealed by a series of 13C labeled experiments and mass/energy 
conservation equation simulation, it is proved for the first time that the non-IPR 
fullerene grows together with conventional fullerene at the arc zone (~2.4 mm from 
the arc center) with the temperature as high as 2360 K during the bottom-up clustering 
process. Configurational connections among captured non-IPR fullerenes suggest that 
C2 insertion and Stone-Wales rearrangement might play the important role in the last 
step of fullerene formation process. 
Experiments on non-IPR C60 isomers were performed on the basis of thermal 
dechlorination of chlorofullerenes in solid state and gas phase. #1812C60Cl6 was 
employed for comparative study. The experimental evidence suggests the collapse of 
the crystal lattice and coalescence of the annealing products of #1809C60Cl8 in the solid 
state. By contrast, dechlorination via thermal spray of #1809C60Cl8 or 
#1804C60Cl12 in the 
gas phase is appropriate for capturing of monodispersed all-carbon non-IPR C60 
isomer. The existence of #1809C60 and 
#1804C60 in the gas phase has been confirmed by 
experimental evidence from mass spectrometry. The present evidence demonstrates 
that it may be feasible to experimentally investigate pure all-carbon non-IPR C60 in 
the gas phase. 















their unique structures and potential applications. A series of fullerene-based amino 
acid esters #1812C60R5Cl have been prepared based on nucleophilic substitution 
reaction of #1812C60Cl6. Such molecules are able to exhibit amphiphilic behavior and 
self-assemble to form spherical bilayer vesicles in acetonitrile at nanoscopic scale. 
The reactions involving #1809C60Cl8 and various amino acid esters have been explored 
as well. The main products of these reactions depend on the nucleophilic ability and 
volume of substituents. The fundamental studies on the reaction of #1809C60Cl8 
facilitates for functionalization of non-IPR fullerenes. 
Superconductivity is one of the most fascinating properties of fullerenes, which 
has attracted much interest in this new form of carbon. Although computational works 
suggest that many fullerene cages can be candidates for superconductors, #1812C60 is 
the only structure with superconductivity demonstrated so far. In order to investigate 
superconductive property of non-IPR fullerenes, we developed a method for 
synthesizing potassium doped fullerene starting from chlorofullerenes. The polymer 
of #1812C60 which was produced from solid thermal pyrolysis of 
#1812C60Cl6 has 
showed superconductivity after doped by potassium. The results reveal that 
superconducting transition temperature and shielding fraction are related to the 
polymerization degree and residual chlorine of fullerene polymer. In addition, the 
potassium doped polymer of #1804C60 which was produced from 
#1804C60Cl12 has 
showed plausible superconductivity. 
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